A commonly encountered but generally unrecognized exposure to moderate altitude (6500 to 8000 ft [1981 to 2438 m] ) occurs during commercial flight. Although the cabins of commercial aircraft are pressurized to protect occupants from the very low barometric pressures at flight altitudes, sea-level pressure (760 mm Hg) is not maintained. Instead, aircraft are designed to maintain cabin pressure at a level no lower than 565 mm Hg (equivalent to an altitude of 8000 ft) when the airplane is at its maximum operating altitude. 1 Higher levels of pressurization decrease the energy available for other aircraft systems, reduce the operational lifetime of aluminum airframes, and necessitate increased structural weight, resulting in decreased fuel efficiency.
Some unacclimatized persons who travel to terrestrial altitudes above 6500 ft experience acute mountain sickness, a self-limited syndrome characterized by symptoms of headache, nausea, vomiting, anorexia, lassitude, and sleep disturbance. 2 The prevalence of acute mountain sickness increases with the altitude attained, the rate of ascent, and the presence or absence of a history of acute mountain sickness. [2] [3] [4] [5] [6] [7] [8] Although the pathophysiology of acute mountain sickness is not completely understood, hypobaric hypoxia is thought to play a predominant role, 9 and the severity of symptoms is inversely related to arterial oxygen saturation. 4, 10 Some passengers on long commercial flights experience discomfort characterized by symptoms similar to those of acute mountain sickness. 11, 12 The symptoms are often attributed to factors such as jet lag, prolonged sitting, dehydration, or contamination of cabin air. 13 However, because barometric pressures in aircraft cabins are similar to those at the terrestrial altitudes at which acute mountain sickness occurs, it is possible that some of the symptoms are related to the decreased partial pressure of oxygen and are manifestations of acute mountain sickness. 14 Although immobility may contribute to passengers' discomfort, 15 exercise may not be beneficial. Exercise reduces arterial oxygenation, 16 which can increase the frequency and severity of acute mountain sickness 17 and affect sensory perception and psychomotor performance. 18 We conducted a prospective, single-blind, controlled study to determine the effect of barometric pressures equivalent to terrestrial altitudes of up to 8000 ft on oxygen saturation and the occurrence of acute mountain sickness and discomfort in volunteers selected to represent commercial airline passengers during a simulated 20-hour flight. Secondary objectives were to determine the effect of exercise at these altitudes on discomfort and the effect of altitude on sensory and psychomotor performance.
Me thods
The study protocol was approved by the institutional review boards of Oklahoma State University and the Boeing Company before the recruitment of volunteers began. All volunteers gave written consent to participate after being informed of the study's purpose, procedures, and inherent risks and benefits. Data collection began on October 26, 2002, and ended on April 22, 2003. The study was funded by the Boeing Company. The data were held jointly by the Boeing Company and Oklahoma State University under a data-confidentiality agreement. Two of the authors, both employees of Boeing, performed the statistical analysis. All authors contributed to the design, interpretation, and preparation of the manuscript and attest to the accuracy and completeness of the information reported.
Study participants
Volunteers between 21 and 75 years of age who had not been at altitudes above 4000 ft (1219 m) and had not traveled by commercial airplane for more than 3 hours in the preceding month were recruited from the general population of the greater Tulsa, Oklahoma, area (altitude, 650 ft [198 m]) . Equal numbers of men and women were selected so that their age distribution was similar to that of commercial airline passengers (unpublished data). All participants were medically evaluated to exclude those with acute or chronic conditions that could increase the risk of harm from exposure to high altitudes (see Table MI of the Supplementary Appendix, available with the full text of this article at www.nejm.org).
Test Conditions and Equipment
The study was conducted in a hypobaric chamber (C.G.S. Scientific) (see the Methods section of the Supplementary Appendix). Environmental temper-ature, relative humidity, and altitude were recorded continuously during the test sessions. The altitudes investigated were sequentially selected by means of an algorithm designed to minimize the number of test sessions (see Fig. M1 of the Supplementary Appendix). The altitudes were 650 ft (ground level, 198 m; barometric pressure, 742 mm Hg), 4000 ft (1219 m, 656 mm Hg), 6000 ft (1829 m, 609 mm Hg), 7000 ft (2134 m, 586 mm Hg), and 8000 ft (2438 m, 565 mm Hg).
Each participant took part in only one test session. A maximum of 12 participants, balanced with respect to age and sex, were assigned to each session. We did not consider familial and social relationships when making the assignments. The altitude for each session was randomly selected from those under consideration, and participants were unaware of the selected altitude.
At the beginning of each session, the chamber was depressurized at a rate of 500 ft (152 m) per minute to the target altitude, which was maintained for 20 hours, the maximum anticipated length of nonstop commercial flights. After 20 hours, the chamber was repressurized to groundlevel altitude at a rate of 350 ft (107 m) per minute. These are the rates of change in pressure that are commonly used in commercial aviation. To maintain blinding, brief depressurization and repressurization were performed at the beginning and end of the sessions testing ground-level altitude.
Test sessions began at 10 a.m. and ended at 6 a.m. the next day. Meals and snacks were provided, but participants were allowed to bring food and medications. Alcohol consumption and tobacco smoking were prohibited. Participants spent most of the time in assigned coach-class airplane seats but were encouraged to walk or stand when not involved in a particular test activity. They had unrestricted access to toilet facilities within the chamber. Five commercial movies were played in an unvarying sequence and time schedule on in-chamber VCRs, and audio headsets were provided. Viewing was optional. A sleep period extended from 11 p.m. to 5 a.m., during which lights were dimmed and interaction with participants was limited to a single oxygen-saturation measurement.
During hours 1 through 9 of every test session, five randomly selected participants between the ages of 21 and 60 years exercised by walking on a horizontal treadmill at a rate of 3.0 mi (4.8 km) each hour for 10 minutes per hour.
Outcome Measures
Using a pulse oximeter (Nellcor N-20E), we measured arterial oxygen saturation before depressurization; at 1, 3, 5, 7, 9, 11, 13, 16 , and 19 hours after depressurization; and during the first and second hours after repressurization. For participants who exercised during the test session, oxygen saturation was measured immediately before and after each 10-minute exercise period. Oxygen saturation values were not provided to participants during the session.
Symptomatic reactions to the test environment were assessed with the Environmental Symptoms Questionnaire IV (ESQ-IV), in which symptoms are rated on a five-point Likert scale ranging from "not at all" to "extreme" (Table MII of the Supplementary Appendix). 19 The questionnaire was completed independently by each participant according to a standard set of instructions and was administered during the same hours that oxygen saturation was measured, except at hour 16 (during the sleep period). ESQ-IV factor scores were calculated as described by Sampson et al. 19 (Table 1,  and Table MIII of the Supplementary Appendix).
Participants were classified as having acute mountain sickness when their score for the factor acute mountain sickness-cerebral (AMS-C) exceeded 0.7, the published criterion score. 19 The proportion of participants classified as having acute mountain sickness at any time was calculated in two ways: the point prevalence (the proportion of participants whose factor score exceeded the criterion score at that time) and the cumulative prevalence (the proportion of participants whose factor score exceeded the criterion score at that time or had exceeded the criterion score at any time since depressurization) (see the Methods section of the Supplementary Appendix).
To assess the occurrence of discomfort, we developed time-dependent criterion scores for all ESQ-IV factors based on the distribution of factor scores when participants were at ground level. The score below which 97.5% of the ground-level scores fell at each administration of the questionnaire was defined as the time-dependent criterion score for that factor at that time. A participant was classified as experiencing specific factorrelated discomfort when the participant's factor score exceeded the corresponding time-dependent criterion score. We combined factors considered a priori to be related to altitude -AMS-C and acute mountain sickness-respiratory (AMS-R) -into a single factor, altitude-related malaise, which was considered to be present when the factor scores for AMS-C, AMS-R, or both exceeded their respective time-dependent criterion scores (see the Methods section of the Supplementary Appendix).
The Purdue Pegboard Dexterity Test, Kentucky Comprehensive Listening Test, Snellen Visual Acuity Test, and Farnsworth-Munsell 100-Hue Test were administered before, after, and intermittently during each session to assess psychomotor and sensory performance (see Table MVII of the Supplementary Appendix).
Statistical Analysis
We estimated that at each altitude, a group of 108 participants would provide 80% power to detect a twofold difference in the expected prevalence of outcomes at a 5% significance level. Values for missing factor scores were imputed by using a value midway between the factor scores immediately before and after the missing score. Mixed models were used to determine the effects of altitude, time since the beginning of the session, exercise, age, and sex on oxygen saturation. Logistic regression was used to analyze the point prevalence of the ESQ-IV factors. 20 Log-rank tests and Cox proportional-hazards regression 21,22 were used with cumulative prevalence, and linear regression was used for measures of performance. Data that were missing because the participant left the study were treated as censored for all subsequent periods in the Cox models. Two-sided Fisher's exact tests were used to compare the hour-by-hour cumulative prevalence of each ESQ-IV factor. 23 P values based on Fisher's exact tests were not corrected for multiple comparisons. A post hoc analysis was conducted to determine the contribution of individual symptoms to the observed effect altitude had on discomfort (see the Methods section of the Supplementary Appendix).
R e sult s
Of 759 applicants, 502 participated in the study (Fig. 1) . A total of 209 of the 431 participants who were 60 years of age or younger were randomly assigned to exercise. Testing was stopped at hour 5 (altitude, 8000 ft) in the case of one participant, a 75-year-old asymptomatic woman, because her oxygen saturation had decreased to 78%. Immediately after repressurization, it rose to 95%, her preexposure value. Eleven other participants withdrew voluntarily during the study: eight because of symptoms of discomfort and three for personal reasons (Fig. 1) . Barometric pressure and the corresponding altitude were the only environmental variables that varied systematically among the test sessions. Mean relative humidity was higher at ground level than at the other altitudes (see Table RI Eleven participants withdrew from the study voluntarily. During the 650-ft session, a 21-year-old woman withdrew at hour 13 because of headache and a 53-year-old woman at hour 1 because of anxiety. During the 4000-ft session, a 21-year-old woman withdrew at hour 19 for personal reasons. During the 6000-ft session, a 55-year-old man withdrew at hour 7 because of headache, a 27-year-old woman at hour 13 because of headache and nausea, and a 71-year-old woman at hour 13 because of diarrhea. During the 7000-ft session, a 31-year-old woman withdrew at hour 13 because of headache and nausea. During the 8000-ft session, a 29-year-old woman withdrew at hour 9 for personal reasons, and three men withdrew -a 22-year-old at hour 9 for personal reasons, a 25-year-old at hour 9 because of back pain, and a 24-year-old at hour 5 because of nasal congestion. In addition, a 75-year-old asymptomatic woman was removed from the 8000-ft session at hour 5 by an investigator because of falling oxygen saturation (95% initial saturation, 78% at hour 5, and 95% immediately after repressurization).
at 8000 ft as compared with 650 ft (Fig. 2, 
4]).
In the exercise group, the mean oxygen saturation after exercise was 1.3 percentage points lower than the value before exercise (95% CI, 1.1 to 1.6). During the exercise period (hours 1 to 9 of the study session), the mean pre-exercise oxygen saturation was 0.7 percentage point (95% CI, 0.4 to 1.0) higher in the exercise group than in the group of participants who did not exercise. There was no significant difference in mean oxygen saturation between the two groups after the exercise period (0.0 percentage point; 95% CI, −0.3 to 0.3) (see Table RII of the Supplementary Appendix).
Acute Mountain Sickness and Discomfort
Only 0.17% of the responses to the questionnaire (634 of 375,496) were missing; most missing responses (614 of 634) were due to failure to administer the test during hour 5 in one test session. The cumulative prevalence of acute mountain sickness (AMS-C factor score, >0.7) was 7.4% (with symptoms reported by 37 of 502 participants) and did not vary significantly among the altitudes studied (Table 2 , Fig. 3 , and Table RIII of the Supplementary Appendix). The results of the analyses of ESQ-IV factor scores were consistent whether published criterion scores for AMS-C and AMS-R (0.7 and 0.6, respectively) or time-dependent criterion scores for all factors were used to determine point or cumulative prevalences. We report hereafter only the results of the analysis of cumulative prevalence based on published criterion scores (AMS-C >0.7) to assess acute mountain sickness and the cumulative prevalence based on time-dependent criterion scores for other ESQ-IV factors to assess discomfort. For other results, see Tables RIV and RV  and Figures During the exercise period, 209 of 431 participants 60 years of age or less were randomly assigned to exercise, which consisted of walking on a horizontal treadmill at a rate of 3.0 mi (4.8 km) per hour for 10 minutes of every hour during 9 hours of the test session. Oxygen saturation values in the sedentary group and pre-exercise values in the exercise group were used to calculate mean oxygen saturation during exercise hours. During the sleep period, with participants sleeping in coach-class airplane seats, lights were dimmed and interaction with participants was limited to a single measurement of oxygen saturation. I bars indicate 95% CIs.
The cumulative prevalence of some measures of discomfort -the ESQ-IV factors for altituderelated malaise, muscular discomfort, and fatigue (Table 1 ) -were directly related to altitude and inversely related to oxygen saturation. The cumulative prevalences of altitude-related malaise and muscular discomfort at 8000 ft were significantly greater than the prevalences at the lower altitudes combined. At both 7000 ft and 8000 ft, the cumulative prevalence of the ESQ-IV factor for fatigue exceeded that at the combined lower altitudes. The exertion factor was inversely related to oxygen saturation, and its cumulative prevalence at 7000 ft differed from that at the combined lower altitudes. These differences in measures of discomfort became apparent after 3 to 9 hours of exposure to altitude. The cold-stress factor was not related to altitude in the log-rank test but was related to altitude, although not to oxygen saturation, in the Cox proportional-hazards models. The cumulative prevalence of cold stress at 650 ft was less than that at the higher altitudes. The cumulative prevalences of the factors distress, alertness, and ear, nose, and throat discomfort through the 19th hour (the last hour of measurements before repressurization) were not significantly affected by altitude or oxygen saturation (Table 2 and Fig. 3) .
Exercise was associated with a reduced overall cumulative prevalence of muscular discomfort but did not affect other outcomes. Women were more likely than men to report discomfort (Table 2) . Participants in the oldest age group were less likely than those in the other age groups to report discomfort, and those in the middle age group were most likely to do so ( Table 2, The post hoc analysis showed that the five ESQ-IV symptoms that most contributed to discomfort were backache, headache, light-headedness, shortness of breath, and impaired coordination (Table RVI of the Supplementary Appendix).
Sensory and Psychomotor Performance
None of the tests of sensory perception or psychomotor performance were significantly affected by altitude over the range of altitudes investigated (see Table RVII of the Supplementary Appendix).
Adverse Events
No serious adverse events were identified during the test sessions, but in four participants, serious medical conditions were detected 1 to 30 days later. One participant was empirically treated for pneumonia at an acute care clinic 1 day after exposure to an altitude of 6000 ft. The relationship of this event to the study conditions was classified as unknown. The remaining three serious adverse events (acute myelogenous leukemia diagnosed 2 weeks after exposure to 650 ft, lung and prostate cancer diagnosed several days after exposure to 6000 ft, and sarcoidosis diagnosed 4 weeks Acute mountain sickness is the cumulative prevalence of acute mountain sickness-cerebral (AMS-C) based on the published criterion score. The cumulative prevalence of acute mountain sickness at 8000 ft was significantly different from the prevalence at the lower altitudes combined only at hour 13. Discomfort was evaluated with the use of all other factors based on time-dependent criterion scores. Altitude-related malaise, muscular discomfort, exertion, fatigue, and cold stress were significantly related to altitude. A star on a line indicates the time at which the difference between the altitude represented by that line and all other altitudes combined became significant and remained significant for the balance of the test session. A star between two lines indicates that the comparison was between the altitudes represented by those two lines combined with all other altitudes combined.
after exposure to 8000 ft) were considered to be unrelated to study exposures. Fifteen nonserious adverse events occurred during the chamber exposure, some of which (four instances of pain in four participants from failure to equilibrate middle-ear pressure during recompression, insect bites in two persons during the same session, a panic attack, and low oxygen saturation in an asymptomatic elderly woman at 8000 ft) were classified as related to study conditions.
Dis cus sion
We found that ascent from ground level to 8000 ft by healthy unacclimatized adults lowered oxygen saturation by approximately 4 percentage points. This degree of hypoxemia did not affect the occurrence of acute mountain sickness, other adverse health outcomes, or impairment of sensory or psychomotor performance, but it was associated with an increased prevalence of discomfort after 3 to 9 hours. Exercise reduced muscular discomfort but did not significantly affect other ESQ-IV factors.
Our study was performed under controlled, highly replicable conditions in a hypobaric chamber where the barometric pressure was the only environmental factor that varied systematically. The results of this randomized, controlled study of the effects of simulated altitude exposure on the occurrence of discomfort cannot be explained by other flight-related factors commonly postulated to cause symptoms in commercial-airline passengers. Two studies conducted in commercial aircraft reported oxygen saturation levels lower than those found in our study, raising the possibility that our findings may underestimate the prevalence of discomfort experienced by passengers. 24, 25 The ESQ-IV is considered a valid and reliable instrument for detecting acute mountain sickness. 26 Although we used the traditional methods of ESQ-IV analysis to measure acute mountain sickness, we did not use those methods to evaluate discomfort. Instead, we used time-dependent criterion scores based on frequency distributions of factor scores reported at ground level to differentiate the effects of prolonged confinement from the effects of hypobaric hypoxia. Although this modification increased the specificity of our analysis, the results based on it are not directly comparable to those of other studies based on ESQ-IV factors. Nevertheless, our results for altituderelated discomfort are generally consistent with reports of acute mountain sickness at similar terrestrial altitudes. [2] [3] [4] [5] [6] [7] 27 We found that reports of discomfort were least frequent in the oldest age group and that the timing of the onset of discomfort was in close agreement with the range of 6 to 10 hours reported for acute mountain sickness. 2 Although the medical literature is inconsistent concerning the distribution of cases of acute mountain sickness according to sex, 2,4,28 we found that men were less likely than women to report discomfort. The discomfort reported by our participants may represent subclinical acute mountain sickness.
There are few reports of the effects of exposure to altitudes below 10,000 ft (3048 m) in unacclimatized people. In 1971, McFarland summarized studies of hypoxia in normobaric conditions, hypobaric chambers, aircraft, and mountain environments that explored the effects of hypoxia relevant to commercial and military flight. 29 His review, which focused on physiological and psychological performance measures, coupled with the experience of military aviators during World War II, led to a general consensus that hypobaric hypoxia associated with barometric pressure equivalent to 8000 ft is not harmful to healthy people. 30 Our findings support this conclusion. However, we did find evidence that the level of hypoxemia manifested at 7000 to 8000 ft played an important role in the development of discomfort. On the basis of our findings, we conclude that maintaining a cabin altitude of 6000 ft or lower (equivalent to a barometric pressure of 609 mm Hg or higher) on long-duration commercial flights will reduce the occurrence of discomfort among passengers.
